INTRODUCTION

w
E l e c t r i c propulsion i s becoming more a t t r a ct i v e f o r a v a r i e t y of s p a c e f l i g h t missions as a r esult of improvements i n t h r u s t o r performance and component technology. For example, an i n t e r e s t i n g design study has been made r e c e n t l y t o i n v e s t i g a t e t h e f e a s i b i l i t y of e l e c t r i c propulsion systems f o r unmanned probes (ref.
1). problems found i n t h e course of such design s t u d i e s concerns t h e r e l a t i v e placement of t h r u s t o r s with r e s p e c t t o t h e s o l a r -c e l l a r r a y s o r o t h e r spacec r a f t components ( r e f . 2 ) .
If the spacecraft i s designed for maximum compactness and minimum weight, it i s l i k e l y t h a t t h e s o l a r -c e l l a r r a y w i l l be exposed t o some amount of n e u t r a l atoms and/or ions leaving t h e t h r u s t o r . The major d i r e c t e d p a r t of t h e i o n beam i s e a s i l y avoided. However, t h e "edge" of t h e beam is not w e l l defined due t o t h e presence of charge-exchange ions i n t h e t h r u s t o r exhaust. I n r e c e n t l o n g d u r a t i o n t e s t s , n e u t r a l i z e r s were mounted i n regions outside t h e major d i r e c t e d i o n beam and they experienced appreciable i o n erosion ( r e f . 3). The e x t e n t of t h e damage was found t o decrease as t h e r a d i a l d i s t a n c e from t h e beam axis increased. Thus, t h e problem arises of defining regions i n which p o s s i b l e n e u t r a l p a r t i c l e coatings and/or i o n e r o s i o n w i l l be a t an acceptable l e v e l . O f course, acceptable l e v e l s must be determined from considering t h e mission duration, t h e spectrum of p a r t i c l e s l e a v i n g t h e t h r u s t o r s , and t h e propert i e s of t h e s p a c e c r a f t s t r u c t u r e h i t by these part i c l e s .
One of t h e p o s s i b l e ment t h r u s t o r . q u a n t i t i e s are small, accurate experimental measurements are very d i f f i c u l t . However, t h e processes giving r i s e t o such e f f l u x e s a r e f a i r l y w e l l understood s o t h a t an a n a l y t i c a l approach may be used. Although t h e r e s u l t s obtained a r e not p r e c i s e , they are adequate f o r i n i t i a l s p a c e c r a f t design calculat i o n s . I n addition, they serve t o i n d i c a t e which aspects of t h e problem may deserve more d e t a i l e d
Because t h e magnitudes of these study .
Model and General Approach
The t h r u s t o r used as t h e b a s i s of t h i s study i s described i n reference 3 and shown i n f i g u r e 1. A t normal operating conditions t h e beam c u r r e n t from t h i s t h r u s t o r i s 250 mA, e x t r a c t e d with a screen voltage of 3 kV and an a c c e l e r a t o r voltage of -2 kV. With 511 holes i n t h e electrodes, t h e average curr e n t per hole i s about 0.49 d. The e x t r a c t e d c wr e n t d i s t r i b u t i o n across the t h r u s t o r i s such t h a t a t t h e c e n t e r t h e maximum c u r r e n t p e r hole i s about 1.0 mA, or about twice t h e average value. The curr e n t e x t r a c t e d from t h e o u t e r perimeter holes i s about 0.25 mA per hole. operated a t a p r o p e l l a n t u t i l i z a t i o n e f f i c i e n c y of 80 percent. resulting i n a n e u t r a l atom temperature i n t h e d i scharge chamber of about t h e same value.
The t h r u s t o r i s normally
Anode w a l l temperature i s about 500' K, For t h e a n a l y s i s , t h e possible charge-excharge ions were grouped as follows:
(1) those leaving t h e t h r u s t o r with dispersion angles between 0 ' and 20' (considered t o be within t h e primary i o n beam) ( 2 ) those leaving t h e t h r u s t o r with dispersion angles between 20' and 90' (3) those r e t u r n i n g t o t h e t h r u s t o r and impingi n g on t h e a c c e l e r a t o r e l e c t r o d e (4) those produced downstream of t h e n e u t r a l ization plane and not returning t o t h e t h r u s t o r
The ions i n groups (2) and (4) were of prime i n t e r e s t f o r t h i s study, since t h e s e ions may i mpinge on surfaces downstream of t h e t h r u s t o r . Figure 2 shows t y p i c a l t r a j e c t o r i e s of t h e four groups of charge-exchange ions and t h e approximate region of o r i g i n . The zero v o l t e q u i p o t e n t i a l l i n e , which f a l l s between t h e screen and a c c e l e r a t o r , was r egarded as t h e downstream boundary of t h e formation region for t h e group (2) ions. i o n formed a t a negative p o t e n t i a l would r e t u r n t o the t h r u s t o r .
This was because any
The electrode configuration shown i n f i g u r e 2 r e p r e s e n t s one hole of t h e t h r u s t o r e x t r a c t i o n sys-
charge-exchange ions i n t h e region downstream of t h e n e u t r a l i z a t i o n plane w a s t r e a t e d a s a separate problem and w i l l be discussed l a t e r .
The formation of t h e group 4
The charge-exchange a n a l y s i s was made using an IBM 7094 d i g i t a l computer program ( r e f . 4) and an e l e c t r o l y t i c tank analog ( r e f . 5) i n a combined manner described i n d e t a i l i n reference 6. Briefly, t h e technique involves determining t h e Poisson pot e n t i a l d i s t r i b u t i o n of t h e d e s i r e d model using t h e d i g i t a l computer program, then e s t a b l i s h i n g t h i s d i s t r i b u t i o n i n t h e e l e c t r o l y t i c tank. (With t h i s method t h e p o t e n t i a l d i s t r i b u t i o n of an a x i a l l y symmetric model i s r e a d i l y e s t a b l i s h e d i n a simple two-dimensional ( f l a t bottom) t r a y of t h e e l e c t r ol y t i c tank analog.) has been e s t a b l i s h e d , t h e exhaust beam i s a r b i t r a r -I ~, y I ; v L & J i n t o G x z 5 c r of mesh c;xires ClhargP exchange ion t r a j e c t o r i e s a r e then s t a r t e d with zero i n i t i a l v e l o c i t y from t h e centers of t h e s e mesh squares and t r a c e d on an X-Y p l o t t e r . c a l charge-exchange i o n production r a t e i s then c a l c u l a t e d as follows. The charge-exchange i o n production r a t e i n an element of volume i s 
(All
The elements
P i s t h e averege
The primary i o n a r r i v a l r a t e A, w a s calcul a t e d by a technique similar t o t h e one used i n determining charge c o n t r i b u t i o n of flowing ions t o elements of volume i n reference 5. I n b r i e f , t h e primary i o n flow i s divided i n t o stream tubes ( t h e tor? t r l j e c t n r i e s arc the stream tube boundaries). The c u r r e n t flowing i n each stream tube i s known from t h e d i g i t a l computer s o l u t i o n . The i o n axrival r a t e a t a p a r t i c u l a r volume element i s thus determined by s d n g t h e contributions from a l l t h e stream tubes i n t e r c e p t e d by t h e volume element.
The n e u t r a l atom density, "0, was assumed t o be uniform i n t h e i n t e r e l e c t r o d e region and extending downstream as f a r as t h e n e u t r a l i z a t i o n plane. A value was obtained from t h e r e l a t i o n (2) where po i s t h e rate a t which n e u t r a l s l e a v e the screen a p e r t u r e , A i s t h e area of a screen hole, and v i s the r . m . s . v e l o c i t y of a n e u t r a l atom a t 500' K. d e n s i t y f o r t h e e n t i r e e x t r a c t i o n system implies that t h e p r o p e l l a n t u t i l i z a t i o n e f f i c i e n c y p e r hole v a r i e s s i n c e t h e c u r r e n t d e n s i t y per hole i s not uniform. r a t e i n t h e i n t e r e l e c t r o d e region was determined by S U r m n i n g a l l t h e l o c a l c o n t r i b u t i o n s c a l c u l a t e d by equation (1) . Results were obtained f o r a f e w typi c a l cases and are presented i n t h e RFSULTS AND DISCUSSION s e c t i o n . I n order t o generalize t h e r esults t o cover o t h e r cases, t h e e f f e c t of changing various t h r u s t o r parameters on t h e charge-exchange i o n production was examined. r e l a t i o n s are given i n appendix B.
The assumption of a uniform n e u t r a l
The t o t a l charge-exchange i o n production
The r e s u l t i n g s c a l i n g RESULTS AND DISCUSSION
Charge-Exchange Ions
The charge-exchange i o n a n a l y s i s was performed f o r t h r e e d i f f e r e n t values of c u r r e n t e x t r a c t e d from a s i n g l e hole i n t h e e l e c t r o d e . The c u r r e n t values were approximately chosen t o r e p r e s e n t ext r a c t i o n from a t y p i c a l o u t e r hole, midsection hole, and c e n t r a l hole of a t h r u s t o r operating a t a beam c u r r e n t of 250 mA. The s p e c i f i c values used f o r i n d i v i d u a l hole c u r r e n t s were 0.230 mA, 0.435 mA, and 1.034 mA, respectively, with corresponding prop e l l a n t u t i l i z a t i o n e f f i c i e n c i e s of approximately 65, 80, and 90 percent. Figure 3 shows t h e r e s u l t s obtained f o r group 2 charge exchange ions f o r t h e high current, c e n t r a l hole case. P a r t (a) of t h e f i g u r e shows some t y p i c a l charge-exchange i o n t r aj e c t o r i e s . I n p a r t (b) t h e charge-exchange ion formation region i s shown divided i n t o subregions w h i c h produce ions i n an i n d i c a t e d range of dispers i o n angles. No subregion i s shown producing ions with dispersion angles above 44' .
This l a c k of det a i l i s a r e s u l t of t h e mesh s i z e used. Actually, t h e r e w i l l be a d i s t r i b u t i o n of ions between 45' and 90' dispersion angles t h a t o r i g i n a t e i n t h e downstream h a l f of t h e two subregions near t h e a x i s on t h e r i g h t . These ions, however, would have very low energies s i n c e t h e zero v o l t e q u i p o t e n t i a l i s very c l o s e t o t h e region a t t h a t point. Also not indicated, due t c t h e csapceness of t.he mesh used, i s a narrow region near t h e c e n t e r l i n e of t h e hole where t h e ions formed w i l l have dispersion angles l e s s than 20' (group (1) type). ure 3 t h e charge-exchange i o n formation region i s divided i n t o subregions that produce ions i n a part i c u l a r energy range.
I n p a r t (c) of f i g -
Results f o r t h e midsection and outer hole were somewhat similar i n appearance t o f i g u r e 3. It was i n t e r e s t i n g t o l e a r n , however, t h a t t h e maximum d i s p e r s i o n angle of t h e primary i o n beam w a s l a r g e s t f o r t h e outer hole. This is a r e s u l t of "crossover" t r a j e c t o r i e s ( r e f . 5) rather than simple beam spreading. mary i o n beam boundary e x i s t e d a t n.pproximately a 15' d i s p e r s i o n angle; however, t h i s study and t h e long duration tests on t h r u s t o r s i n d i c a t e t h a t a low primary i o n f l u x continues o u t t o about a 20' d i s p e r s i o n angle.
It was previously thought t h a t t h e p r i -
The r e s u l t s of t h e a n a l y s i s a r e presented g r a p h i c a l l y i n f i g u r e s 4 and 5. average number of group (2) ions within a p a r t i c u l a r range of dispersion angles. I n a l l t h r e e cases most of t h e ions leave t h e t h r u s t o r a t r e l a t i v e l y low d i s p e r s i o n angles. Figure 5 shows group (2) i o n energies versus dispersion angle. r e p r e s e n t t h e maximum energies determined and t h e dashed curves a r e an e x t r a p o l a t i o n of t h e s o l i d curves t o t h e 90' d i s p e r s i o n angle. gions cover t h e areas i n which a l l t h e values of t h i s a n a l y s i s occurred. Charge-exchange ions w i l l be produced w i t h energies f i l l i n g t h e remainder of t h e a r e a under t h e curves, but they w i l l be r e l at i v e l y s m a l l i n number. The groups (1) and (3) charge-exchange ions were determined i n number only ( i . e . , s p e c i f i c d i spersion angles, or, impact points on t h e a c c e l e r a t o r f o r t h e group (3) ions were not recorded). The t ot u number of i'nese cilar.gc-exchZiigE ions VBB C G~C Ul a t e d Using equaiiori (1). %e i--ES-LtS okttaincd f o r t h e f i r s t t h r c e groups of charge-exchange i o n s a r e ( 2 ) , and (3) ions was about 0.4 percent of the t o t a l beam current. Of t h i s t o t a l charge-exchange ion current, 84 percent impinged on the accelerator (group ( 3 ) ) , 10 percent escaped with t h e primary beam (group (l)), and 6 percent escaped with a dispersion angle between 20' and 90' (group ( 2 ) ) . exchange ion f l u x f o r group (2) 
(1) n e u t r a l s a r e emitted uni-A r a d i a l n e u t r a l density d i s t r i b u t i o n was calculated f o r s e v e r a l distances downstream of t h e t h r u s t o r using equation (6) of reference 8. r e s u l t of these calculations a r e shown i n f i g u r e 7 . The d e n s i t i e s have been normalized t o the value of n e u t r a l density a t the n e u t r a l i z a t i o n plane. n e u t r a l f l u x gradients t h a t would occur near t h e t h r u s t o r because of t h e g r i d s t r u c t u r e were assumed t o blend i n t o a smooth p r o f i l e approximately 3 centimeters downstream.
The
The Once t h e n e u t r a l density d i s t r i b u t i o n i s determined, t h e c a l c u l a t i o n of t h e charge-exchange ion formation r a t e a t various locations can be made using equation ( 
1). The c d c d a t i o n was made using Che t h r u s t o r operating conditions of 80 percent propellant u t i l i z a t i o n efficiency, 0.250 am-
pere beam c u r r e n t , and 3000 v o l t s net accelerating voltage. A value of 6x10'15 cm2 was used f o r Q. The r e s u l t is p l o t t e d i n f i g u r e 8 as the number of ions per cm2 per second passing through t h e w a l l of a cylinder equivalent i n shape t o the assumed p r imary ion beam (see sketch of cylinder on f i g . 8).
Each charge exchange ion was assumed t o t r a v e l r a d i a l l y and normal t o the a x i s a t t h e beam. This assumption seems v a l i d f o r t h e reasons given below. The Charge-exchange ion has only random thermal (-500'
K) e n e r a when it i s formed. f i e l d s e x i s t i n g i n t h e ion beam w i l l d i c t a t e the d i r e c t i o n of t r a v e l of the charge-exchange ions. Reference 9 i n d i c a t e s t h a t t h e predominate ( a lthough small) e l e c t r i c f i e l d i n t h e ion beam w i l l be r a d i a l . The energy gained by a charge-exchange ion leaving a well n e u t r a l i z e d beam i s probably l e s s than about 50 v o l t s . Figure 8 indicates t h a t t h e maximum number of group 4 ions w i l l be found near t h e t h r u s t o r . f u r t h e r away from t h e thrilstor is, of course, due t o t h e diminishing n e u t r a l efflux.
Any e l e c t r i c
The decreasing number found Effects on Spacecraft Components I n order t o give an idea of t h e possible a ff e c t s of t h e n e u t r a l atom effluxes and group (2) and (4) charge-exchange ions on spacecraft components two d i f f e r e n t shaped surfaces located downstream of t h e t h r u s t o r were considered a s i n t e r c e p ting these effluxes. The f i r s t surface was a cylinder, concentric with the primary beam, and with a diameter of 150 centimeters o r 10 times the thrust o r diameter (see f i g . 9 ( a ) ) . was assumed t o spread with a dispersion angle of
20'.
The length of the cylinder was chosen s o a s t o just i n t e r c e p t the primary ion beam. surface was a plane, normal t o the t h r u s t o r a x i s , 75 cm downstream and with a hole t o allow t h e p r imary ion beam t o pass through (see f i g . 9 ( b ) ) .
The primary ion beam
The second ( 2 ) and group (4) charge-exchange ions a r r i v i n g a t the cyl i n d r i c a l surface as a function of dispersion angle. The highest f l u x occurs a t low dispersion angles going down t o a minimum flux between 45O and 50° dispersion, and then r i s i n g again a t high dispersion angles due t o t h e increasing contribution of group (4) ion fluxes. 
A distance of 75 centimeters seemed adequate for t h i s purpose s o t h a t the t h r u s t o r could be r eRarded as a point source. Figure 10 shows t h e d i st r i b u t i o n of t h e t o t a l ion f l u x of group
The f l u x a r r i v i n g a t t h e plar?ar surface normal Figure 10 @so shows the t o t h e t h r u s t o r a x i s i s e n t i r e l y due t o t h e group (2) charge-exchange ions. d i s t r i b u t i o n of t h i
11, and E). This f l u x c o n s i s t s mainly of protons
with energies from 10 t o 1 s 2 MeV. hand the proton f l u x i n t h e Van Allen b e l t s ranges up t o lo9 protons per cm2 per second with an energy range from 0.1 keV t o 700 MeV ( r e f s . 10, 11, and 12). Damage t o solar c e l l s by t h e n a t u r a l r a d i a t i o n f l u x is caused primarily by the penetration of t h e high energy p a r t i c l e s i n t o the c e l l i t s e l f which can cause a degradation i n performance. The f l u x from the t h r u s t o r does not possess s u f f i c i e n t energy t o penetrate a s h i e l d such as a 0.1 millimeter thickness of quartz comoaly used t o p r o t e c t t h e c e l l from n a t u r a l r a d i a t i o n . t h a t any damage done by the t h r u s t o r e f f l u x would be a r e s u l t of sputtering erosion. I f a s p u t t e r i n g y i e l d of one p a r t i c l e per incident ion f o r mercury on quartz ( r e f s . 13 and 14) and a f l u x of l a ions per cm2 per second i s assumed, t h e r e s u l t i n g wear r a t e is 3 . M O -l 3 centimeters per second. The wear r a t e of s i l v e r , assuming a s p u t t e r i n g y i e l d of seven atoms e r incident ion ( r e f s . 13 and 14) and a f l u x of l& ions per cm2 per second i s 5 . 8 7~1 0~~~ cm/sec. Most materials have wear r a t e s between these t w o values. A t these wear r a t e s it would t a k e 1.Bx106 hours t o wear away one-quarter of a 0.1 millimeter t h i c k quartz s h i e l d . t h i s wear r a t e would increase f o r components l o - The n e u t r a l f l u x was calculated by assuming a 
o the operating conditions used i n t h i s study. Figure 11 shows the d i s t r i b u t i o n of n e u t r a l p a r t i c l e s intercepted by the c y l i n d r i c a l and planar surfaces shown i n f i g u r e 9. The energy of t h e neutrals i s below the s p u t t e r i n g threshold energy, therefore t h e most probable e f f e c t of these neutrals would be f i l m deposition. Thus, it becomes important t o compare t h e a r r i v a l r a t e of neut r a l s with t h e i r evaporation r a t e a t the assumed conditions. The evaporation r a t e r e l a t i o n is
(3)
coNcLusIoNs 'Ibe r e s u l t s of t h i s study indicate t h a t t h e e f f e c t s of charge-exchange ions and n e u t r a l p a r t ic l e effluxes from a 15 centimeter diameter mercury, electron-bombardment i o n t h r u s t o r on spacecraft components w i l l be minimum outside t h e primary ion beam and a t distances of a t l e a s t 75 centimeters from t h e t h r u s t o r . Under t h e assumed conditions, s i l v e r , f o r example, would wear a t a r a t e of 3 . €~1 0 -~~ centimeters per second and quartz would wear a t a r a t e os s.ttrxiir-13 ceniirueiass yii-SBCond. For most components t h i s wear r a t e should be t o l e r a b l e f o r missions of l e s s than 100,000 hours. A t distances much c l o s e r than 75 centimeters a more d e t a i l e d study would be required because at t h e s e c l o s e r distances t h e t h r u s t o r cannot be acc u r a t e l y represented as a point source.
Coating of components with n e u t r a l mercury atoms should not be a problem a t distances of a t l e a s t 75 centimeters since t h e p a r t i c l e effluxes are about seven orders of magnitude lower than t h e evaporation rata at aii assuied compcnent temperat u r e of 3 3 0 ' K.
The approximate s c a l i n g r e l a t i o n s given i n a p appendix B should allow rough determination of part i c l e e f f l u x e s f o r various combinations of operating parameters other than those used i n this study. 
RELATIONS
Scaling r e l a t i o n s were developed by considering "equivalent cases." Two Oases were considered equivalent i f t h e i r p o t e n t i a l d i s t r i b u t i o n s as determined from d i g i t a l computer analysis were s i m ilar i n shape and i f t h e l o c a t i o n of t h e zero v o l t equipotential l i n e was about the same i n each case. , The concept OS equivaienr cases is u s e i d iii Yhzt all t r a j e c t o r i e s , both those of primary ions and charge-exchange ions, follow i d e n t i c a l paths. To begin, s e v e r a l cases of i n t e r e s t a r e f i r s t run on t h e d i g i t a l computer t o obtain p o t e n t i a l d i s t r i b ut i o n s . Charge-exchange currents a r e then d e t e rmined. Now, suppose a solution i s desired f o r a case t h a t has a d i f f e r e n t combination of operating parameters than any of t h e ones previously run. This new case i s f i r s t run on t h e d i g i t a l t o obtain a p o t e n t i a l d i s t r i b u t i o n . The previous cases a r e examined f o r one which i s "equivalent" t o t h e new case. below it i s possible t o determine approximate values of t h e charge-exchange currents. The scaling parameters developed i n general apply only t o elect r o n bombardment t h r u s t o r s .
Tnen by using t h e scaling r e l a t i o n s given
Propellant U t i l i z a t i o n Efficiency
An expression r e l a t i n g the primary i o n flow rate h, t h e n e u t r a l atom a r r i v a l r a t e 110, and t h e propellant u t i l i z a t i o n efficiency 9, i s as f o llows :
Now, from equations (l), (2) , and (Blj 11. Davis, D. D., Jr., "Space environment and its e f f e c t s on materials," Proceedings of t h e NASAUniversity Conference on t h e Science and Techwhere generated i n any one of t h e t h r e e groups upstream of t h e n e u t r a l i z a t i o n plane. 14. Wehner, G. K., "Low-energy s p u t t e r i n g y i e l d s i n Hg," Phys. Rev., 112, 1120 Rev., 112, -1124 Rev., 112, (1958 NASA-CLEVELAND, OHIO E-3742
